Red light-enhanced pelletabilit of phytochrome was observed in extracts of aUl 11 plants tested: Avena sativa L., Secak cereak L., Zea mays L., Cucurbitapepo L.,Sinapis alba L.,Pisum sativum L.,Helianthus anuus L., Raphanus sativus L., Glycine max (L.) Merr., Phaseolus vulgaris L., and Lupinus albus L. This enhanced peUletability was observed in all 11 plants foflowing in situ irradiation (in vivo binding) but only inSinapis and Cucurbita after irradiation of crude extracts (in vitro binding).In vivo binding was not strongly dependent upon pH and, with few exceptions, was not markedly sensitive to high salt concentration, whereas in vitro binding was completely reversed by both high pH and high salt concentration. However, both binding phenomena were observed only with a divalent cation in the extract buffer. In vivo binding was further characterized using Avena which showed an increase in peUetability from less than 10% in dark control extracts to more than 60% in extracts of red light-irradiated shoots. The half-life for binding was 40 seconds at 0.5 C and was strongly temperature-dependent, binding being complete within 5 to 10 sec at 22 C. If pelletable phytochrome in the far red-absorbing form was photoconverted back to the redabsorbing form in situ, phytochrome was released from the pelletable condition with a half-life of 25 minutes at 25 C and 100 minutes at both 13 C and 3 C. No cooperativity in red light-enhanced pelletabiity with respect to phytochrome -far red-absorbing form was observed.
The existence of a biologically active receptor for Pfr, the physiologically active form of phytochrome, has been postulated (Hendricks as cited in Ref. 35) both to explain the so-called phytochrome paradoxes (8) and the potential involvement of phytochrome in mediating the high irradiance responses (2, 7, 13, 31) . Recent evidence indicating an enhanced association of phytochrome with particulate material (29) , following red light irradiation of either intact tissue or crude extracts of Cucurbita pepo L., has led to the suggestions that such a receptor for Pfr has been found and that this receptor is an integral part of a membrane (14, 33) . However, Quail (26, 27) has demonstrated that this enhanced association represents, at least in large part, an interaction between phytochrome and 31 S ribonucleoprotein particles which displays the characteristics of a nonspecific, electrostatic phenomenon. As discussed in detail by Quail (25) , it is premature to assume that an association between phytochrome and one or more membrane-bound receptors has been demonstrated.
Enhanced associations of phytochrome with pelletable material have also been reported using maize coleoptiles (29) , pea shoots (5) , and oat shoots (6) . Although the characteristics of these associations have not been examined as carefully as for Cucurbita, preliminary evidence has indicated that, at least in the case of maize and oats, the associations are of a different type from that described for Cucurbita (6, 15) . In particular, the association between phytochrome and pelletable material from maize and oats is not markedly reversed by either high pH or high ionic strength nor has such an association been observed following irradiation of crude extracts at 0 C, in direct contrast to the observations utilizing Cucurbita.
The present report presents further evidence that two distinct types of phytochrome binding do occur. Only binding induced exclusively following irradiation of intact tissue (in vivo binding) is found to be a general phenomenon. This in vivo binding is characterized further here since it has not previously been well studied free of the complications of the in vitro binding already described for Cucurbita, and since it may yet reflect a biologically significant association of Pfr with a receptor. Oat shoots were chosen as a suitable system for this latter purpose because:
(a) no in vitro binding has been observed in oat extracts (6) ; (b) the ratio of red light-induced to dark control binding is higher for oats than for any of 10 other plants tested; (c) immunocytochemical evidence obtained with oats has already led to the suggestion that Pfr has a unique distribution within the cell which might reflect binding with a receptor (12) (Table I) . For other MgC12 concentrations or when MnCl2 or CaCI2 was used, the cations were added to MgCl2-free extraction buffer from 1 M stock solutions. The crude homogenates were squeezed through nylon cloth and then centrifuged for 30 min ( Figs. 1 and 2 ; Tables I and II) or 15 min (Figs. 3-8;  Tables III-V) One unit/ml of phytochrome is that concentration which gives a A(AA) of 0.001 using the above conditions. The proportion of phytochrome in the pellet is the number of units in the pellet divided by the number in the pellet and supernatant combined. Pfr is measured as described elsewhere (4) assuming a photoequilibrium in red light of 75% Pfr to 25% Pr (20) .
Each experiment was performed a minimum of two times.
RESULTS

SURVEY OF PHYTOCHROME PELLETABILrrY
The pH of the extraction buffer and resulting supernatant, as well as the total amount of phytochrome extracted, are tabulated for each plant ( [15] and were confirmed here).
Generally, the in vivo binding is not markedly reversed by high MgCl2 concentration ( Figs. 1 and 2 ), whereas the in vitro binding is completely reversed (Fig. 2a) (Fig. 2c) . Thus, unless the Pr formed by a red, far red cycle is different from that originally present, the possibility of in vitro binding may be excluded. Subsequent far red irradiation of other red-irradiated tissues was found to have little or no effect on the red-enhanced binding observed with 10 mM MgCl2 in radish, sunflower, soybean, and pea whereas it resulted Plant Physiol. Vol. 58, 1976 in virtually complete reversal in rye, lupine, bean (at 30 mM MgCl2), and mustard. The effect of pH on red light-induced in vivo binding is small (Fig. 2, b , d, and f; Fig. 4 ) whereas in vitro binding in mustard is completely eliminated at high pH as has been shown for Cucurbita earlier (16; confirmed here, data not shown).
In vivo binding in oat, radish, and Cucurbita was only partially inhibited by 100 mm NaCl whereas in vitro binding observed with Cucurbita was almost completely inhibited (Table II) .
Separation of maize and radish shoots into different organs indicates that in vivo binding occurs at comparable levels in different organs of the same plant (Table III) (Table IV) . Moreover, if 20 mM EDTA is present in the extraction buffer as well as 10 mM MgCl2, no enhancement in pelletability is observed (Table IV) . Addition of EDTA after extraction also reverses the MgCI2- PHYTOCHROME PELLETABILITY preserved pelletability although not as much as if it were present during extraction (Table IV) . Finally, if pellets with high levels of phytochrome (prepared with 10 mM MgCl2 in the extraction buffer using red-irradiated tissue) are resuspended in the absence of MgCl2 and with 2.5 mm EDTA added, 94% of the phytochrome is released to the supernatant as determined by a second centrifugation at 20,000g for 15 min. By comparison, if replicate pellets are resuspended with 10 mM MgCl2 present, only 8% of the phytochrome is found in the subsequent supernatant.
A more detailed examination of the dependence of observed phytochrome binding upon the pH of the extract confirms that in vivo binding is only partially reversed by values up to 8.5 (Fig.  4) .
Kinetics of Phytochrome Binding. As little as 5 sec red actinic light given to shoots prior to extraction, which was found by direct assay to yield a photostationary equilibrium between Pr and Pfr, induces an approximately 8-fold increase in phytochrome pelletability (Table V) as observed with longer irradiation times (Table IV (Table V) . If a dark period is interposed between red and far red irradiations, no reversibility is seen when the tissue is extracted soon after the far red irradiation (Table V) . Far red irradiation alone does not induce a significant increase in binding (Table V) .
The kinetics of the binding process occurring during this interposed dark interval was examined by carefully controlling the duration of the dark interval (Fig. 5) . The tissue was placed in the glass extraction vessel with extraction buffer and maintained at a constant temperature using a circulating, refrigerated water bath. The tissue was irradiated from both sides simultaneously with red light using two 500-w slide projectors and 656 and 658 nm interference filters with 12 and 24 nm half-bandwidths, respectively. Since the tissue was irradiated while in place on the homogenizer and since binding does not occur in vitro under these conditions (6) , the binding reaction could be stopped within a few sec, when desired, by turning on the homogenizer. The half-life for binding at 0.5 C was about 40 sec and exhibited a strong temperature dependence (Fig. 5) . At 22 C, the reaction was found to be more than 90% complete if extraction immediately followed the 5-sec red irradiation. Thus, the half-life at this temperature must be less than 4 to 5 sec. A semilogarithmic plot of the proportion of binding not yet completed as a function of time indicates that the rate-limiting step in the process exhibits first order kinetics (Fig. 5b) .
Plant Physiol. Vol. 58, 1976 Kinetics of Phytochrome Release. Although phytochrome is not released from the bound condition as Pr when extraction immediately follows a far red irradiation (Table V) , it is released slowly when a dark period follows the far red irradiation and precedes tissue homogenization (Fig. 6) . When the proportion of phytochrome remaining bound is semilogarithmically plotted as a function of time (Fig. 6b) , the release displays first order kinetics and a relatively strong temperature dependence between 13 C (half-life, 100 min) and 25 C (half-life, 25 min). In contrast, the rate at 3 C is indistinguishable from that at 13 C. If the phytochrome is left as Pfr and the tissue incubated at 3 C prior to extraction, no release of bound phytochrome is seen. In addition, if crude extracts containing phytochrome in the bound condition are irradiated with far red light, the percentage of phytochrome bound (now as Pr) is still 57% when the extracts are centrifuged after a 2-hr incubation at 3 C. This result clearly contrasts with that obtained following a 1.5-hr incubation of Prbound phytochrome in vivo which results in a decrease in binding to 34% (Fig. 6) and by extrapolation to 28% after 2 hr.
Dependence of Binding upon Pfr Concentration. To deter-00.5 m05 mine the relationship between the amount of Pfr produced by a brief red actinic irradiation and the amount of phytochrome found in the pellet, whole oat shoots were irradiated at 0 C for up to 10 sec (although most irradiations were 3 sec or less) while floating in a thin layer on ice-cold extraction buffer. For all but the longest irradiation period, irradiation times were sufficiently short that binding did not occur during the irradiations (Table V ; Fig. 5) . The tissue was then extracted after a 15-to 30-min incubation on ice and the proportion of phytochrome in the pellet was determined as a function of the amount of Pfr experimentally measured in the crude extract (Fig. 7) . Pfr determinations were made as rapidly as possible after extraction (normally within 2 hr). The relative amounts of Pr and Pfr in both the supernatant and pellet fractions from the above experiment were also measured immediately after centrifugation so that both Pr and Pfr in the pellet could be independently expressed as a function of the total amount of Pfr produced by the brief red irradiations (Fig. 8) . At low Pfr levels, it is apparent that the amounts of both Pfr and Pr in the pellet increase.
DISCUSSION
As first indicated by comparing results with oat (6), maize (15) , and Cucurbita (15) Ref 6) , and appears to be a widespread phenomenon, being observed even in Cucurbita using an appropriate protocol (Fig. 2, c and d) . Thus, this second type of binding is not the same as that characterized by Quail (27) and may yet serve as a possible candidate for a Pfr-receptor system.
Since this second type of binding is observed only as a result of having Pfr present in situ for a defined period of time (Fig. 5 , Table V) it is referred to here as in vivo binding. However, the observed increase in pelletability does not ncessarily represent a Pfr-receptor interaction. It may instead reflect a Pfr-induced change in the system which either stabilizes already "bound" phytochrome or permits binding to occur at the instant of extraction (but not later [ Fig. 5, Table IV] ). Use of the term in vivo "binding" should not be interpreted to exclude these other possibilities.
As pointed out in the introductory section, in vivo binding has not previously been well described, and for several reasons, oats have been chosen here for that purpose. In vivo binding in oats is a rapid association between phytochrome, only as Pfr and so far only in situ (Tables IV and V; Ref. C) , and one or more pelletable cellular constituents by a pseudo-first order, temperaturedependent process (Fig. 5) . If far red light is given before binding has taken place, it is almost wholly reversible (Table V) . Although the speed of binding is sufficiently slow that it may not wholly be explained on the basis of the rate of Pfr formation from phototransformation intermediates (21) , it is sufficiently rapid that it would precede the fastest (within 10 sec) response yet described to red light (19) . Hence, in vivo binding has the potential for being the first step leading to phytochrome-mediated responses.
Apart from the requirement for a divalent cation (Figs. 1-3 (Table IV) as it does in the case of in vitro binding (16) . The requirement for a divalent cation to maintain the particulate state of a protein is known for other systems and is thus not inconsistent with a biologically significant association (30) .
By contrast to binding, the release of phytochrome from the bound condition, which occurs at an appreciable rate only as Pr, is a slow process (Fig. 6) . Release is also temperature-dependent and, as demonstrated by incubating Pr-bound phytochrome in vitro before centrifuging (see "Results"), occurs at an appreciable rate also only in situ (Fig. 6) . The release of phytochrome from the bound condition has also been found to be relatively slow in maize both by Quail et al. (29) and Yu (37) (Fig. 7) . Because binding follows the irradiation period (Fig. 5) (16, 24) in addition to in vivo binding ( Fig. 2 (9, 16) , but one is then left with the probability of studying an artifactual, electrostatic interaction with 31 S ribonucleoprotein particles (26, 27) as discussed above and elsewhere (25) . Second, if, following red irradiation in vivo, extractions are at high pH, high ionic strength, or after a subsequent far red irradiation, one can be reasonably confident of studying only the in vivo system as was done earlier in a few experiments (11, 29, 37) . In this case, however, it would be simpler to use an alternate plant tissue, as here, which does not exhibit in vitro binding under normal conditions. Third, if one uses a red irradiation in vivo, and then extracts without taking special steps to eliminate in vitro binding, one is left with the probability that the observed results are the sum of both systems. In this last case, any interpretation arising from the data becomes questionable because one can no longer be confident of what is being observed. Unfortunately, a large number of studies utilize this third approach (1, 17, (26) (27) (28) 32) and it may be necessary to repeat many, if not all, of these experiments to separate the contributions of the two phenomena. The third possibility is further complicated by the observation that some investigators have not observed in vitro binding in maize (15) while others have (24, 32 ). Yet another series of problems in interpreting earlier experiments arises from methodological considerations. First, the use of low speed (500-lOOOg) precentrifugations of crude extracts in the presence of Mg2+ (26, 32) , with this first pellet being discarded, is a common step in most binding protocols utilizing in vivo irradiations. Since a 500g, 5-min pellet from crude oat (6) and maize (Pratt, unpublished) extracts contains almost 25% of the red light-induced bound phytochrome whereas a 500g, 10-min pellet from oat extracts contains 45% (Pratt, unpublished) , a large proportion of the bound phytochrome may have been discarded in these earlier experiments thus leading to possibly erroneous conclusions. Second, the common use of long actinic irradiation times (23, 28) means that binding can occur during the irradiation itself (Fig. 5) . Thus, e.g. immediate reversibility by far red light should not be expected (33) . In addition, complex, and potentially spurious, relationships may arise among light dose, steady state Pfr levels and binding (28) . Third, the common use of time-consuming hand extraction methods (28, 32) prevents close control of the time of extraction. We have so far found that machine extraction yields results indistinguishable from those obtained by hand (15; Pratt, unpublished) . Thus, problems in interpretation arising from variable or delayed extraction times may be readily eliminated when important .
At high Pfr levels, not all Pfr becomes bound in vivo (Fig. 7) . Among several possible explanations are: (a) cells contain more Pfr than binding sites; (b) the affinity of binding sites for Pfr is low; (c) more than one type of Pfr exists; and (d) binding occurs preferentially in only one region of the plant. It is not yet possible to test the first three hypotheses. but evidence regarding the fourth indicates that at least at the organ level, it is false (Table III) .
It has already been reported (12) that Pfr reversibly associates with discrete subcellular regions within oat coleoptile cells using an entirely different, immunocytochemical approach. Mackenzie (22) has more recently observed by this technique that this association occurs within 1 to 2 min at 3 C, comparing well with the 40-sec half-life for binding measured at 0.5 C by the pelletability assay (Fig. 5 ). In addition, the immunocytochemically observed redistribution of phytochrome following a red-far red light cycle requires 1 to 2 hr at 25 C, again comparing well with the half-life of 25 min observed here at the same temperature (Fig. 6 ). Thus, it is possible that we are observing the same phenomenon by two entirely different approaches.
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